I. INTRODUCTION
Solar energy conversion has the potential to satisfy the electricity and even the total energy consumption of the world. Indeed, 1 h of solar irradiation on Earth is equivalent to the total world energy consumption in 1 year. Photovoltaic ͑PV͒ or the direct conversion of sunlight into electricity is a promising technology which can be easily installed without affecting neither the landscape nor the natural environment if directly integrated into building. Strong effort has been made in the past decade to decrease the cost per watt peak of PV. Indeed, the standard crystalline silicon technology, which has a 90% market share, has decreased the cost by a factor of 20 in 30 years. Further cost reduction can be made by using thinner films which use less material and large area monolithic integration while keeping the advantages of silicon i.e., durability, abundancy, and nontoxicity. 1 This paper reports on the design of high efficiency thin film silicon solar cells with processes compatible with flexible low cost plastic substrates.
The micromorph tandem solar cell, composed of an amorphous ͑a-Si:H͒ top cell and a microcrystalline ͑c-Si: H͒ bottom cell, is one of the most promising multijunction candidates for high stabilized efficiency thin film silicon solar cells. 2 Indeed, the combination of a high a-Si:H band gap ͑1.7 eV͒ and a low c-Si: H band gap ͑1.1 eV͒ creates an almost ideal tandem device. 3 The challenge of this device is to achieve ideal short circuit current density ͑J sc ͒ matching between the two subcells because in multijunction solar cells, the J sc is limited by the lowest J sc of the subcells. In micromorph tandem cells where an amorphous cell is just stacked on top of microcrystalline cell, the light passes through the top cell only once; the weakly absorbed light will pass into the bottom cell and is eventually absorbed there. The light-induced degradation 4 forbids the use of thick a-Si:H solar cells. Therefore, in tandem micromorph cells, the limitation in J sc comes usually from the top cell.
One widely used solution in the superstrate configuration ͑p-i-n͒ is to introduce a thin intermediate reflector 5 ͑IR͒ which enhances the J sc of the top cell without the need of increasing its absorber layer thickness. The IR is usually a material with a refractive index lower than silicon ͑typically 1.5Ͻ n IR Ͻ 3 compared to n Si ϳ 4͒ in order to have an index contrast that increases the reflection of the light at the Si/IR interface. The IR is usually a thin layer, between 50 and 150 nm, deposited in situ 6, 7 or ex situ. 8 In situ silicon oxide intermediate reflector ͑SOIR͒, 9 silicon nitride, 10 or ex situ zinc oxide intermediate reflector 11 has been reported to be very effective and are already implemented in complete products. 12 In the substrate configuration ͑n-i-p͒, the problem of obtaining high efficiency micromorph tandems with elevated stabilized J sc in the top cell was not yet solved. So far, the alternative solution to avoid the problem of current matching is to implement triple junction solar cells which split the J sc into the three subcells and therefore allow the use of thin a-Si:H top cells. 13 Nonetheless, this strategy demands the implementation of a more complex process, e.g., one more cell and profiling 14, 15 of Ge in the a-Si:Ge solar middle cells.
In this paper, we first present the limitation of increasing the efficiency with a single junction a-Si:H ͓Fig. 1͑a͔͒ and c-Si: H ͓Fig. 1͑b͔͒ while increasing, respectively, the absorber thickness. Then, we concentrate our study on the J sc limitation for tandem micromorph cell in the initial and stabilized state without IR ͓Fig. 1͑c͔͒ and with IR ͓Fig. 1͑d͔͒.
We have shown in a previous study 16 that a thin IR increases the J sc of the top cell but more important that the implementation of an asymmetric intermediate reflector ͑AIR͒ is much more effective for n-i-p/n-i-p tandem micromorph solar cells. Therefore, we investigate the potential gain in J sc of the a-Si:H top cell in the initial and stable state with an AIR. Finally, we present the best results obtain on glass and on plastic substrate with 10.1% and 9.8% stable efficiencies, respectively.
II. EXPERIMENTAL
The absorber layer of a-Si:H and c-Si: H are deposited by very high frequency plasma enhanced chemical vapor deposition in a small area deposition chamber ͑substrate size of 8 ϫ 8 cm 2 ͒. The temperature is kept below 200°C to be compatible with flexible low T g plastic substrates.
We use three types of substrate; the first one consists of silver 17 deposited by sputtering onto heated glass substrates, and then covered with 60 nm ZnO for optical matching. 18 The typical root mean square ͑rms͒ roughness of this "hot silver" substrate is between 40 and 60 nm. The second type of substrate consists of ZnO deposited by low pressure chemical vapor deposition ͑LP-CVD͒. 19 The rms roughness of this substrate is typically between 60 and 70 nm for a 2 m thick film. Finally, the third type of substrate is fully flexible plastic substrate ͓polyethylene-naphthalate ͑PEN͔͒ whose surface consists of a two-dimensional ͑2D͒ sinusoidal grating with a rms roughness of 70 nm, covered with a thin nominally flat double layer of 80 nm silver and 60 nm ZnO. 20 The rigid substrates are used for reference and development, but all process steps are kept compatible with the plastic substrate, i.e., T Ͻ 200°C.
The front transparent conductive oxide ͑TCO͒ consists of boron doped ZnO deposited by LP-CVD. The AIR is also ZnO deposited by LP-CVD but without adding dopant during the deposition. This reduces the absorption losses by free carriers in this nonactive layer without any additional cost because high lateral conductivity is not beneficial for AIR.
The current-voltage ͑IV͒ measurement is performed with a class A dual lamp ͑Wacom͒ simulator. From this measurement, V oc and fill factor ͑FF͒ are obtained. The J sc is calculated from the external quantum efficiency measurement calibrated with a c-Si photodiode. The IV curve is, then, normalized with this J sc . This conservative method avoids any uncertainties on the surface area of the solar cells. The cell area is between 0.3 and 0.5 cm 2 . Cross-sectional analysis is carried out by focused ion beam milling in a scanning electron microscope ͑SEM͒ by D. Alexander at the Interdisciplinary Centre for Electron Microscopy ͑CIM͒ in the EPFL.
The stabilization procedure applied to both a-Si:H and micromorph tandem cells exposes the solar cells to 1000 h light soaking at 50°C, 50 mW/ cm 2 , and V oc condition. Note that the record cell on plastic foil has been subjected to a more severe light soak of 100 mW/ cm 2 .
III. RESULTS

A. Amorphous solar cells
The light-induced degradation of amorphous material is the issue that is the most critical to mitigate in the solar cell. This effect was first evidenced by Staebler and Wronski in 1977. 4 Furthermore, Yang et al. 21 and Hata et al. 22 reported that the long term stability is governed by the competition between light-induced degradation and thermal annealing. Hence, a steady state also called "stabilized state" can be reached, typically after 1000 h under light soaking condition.
In a-Si:H silicon solar cells, the degradation depends mostly on the thickness of the absorber layer. 23, 24 In fact, a thinner cell has a higher electric field in the absorber layer, hence a higher collection efficiency of the photogenerated charged carriers. Therefore, the recombination process within the absorber is reduced. It was reported by Benagli et al. [24] [25] [26] that the cell efficiency degradation depends on the absorber thickness but also on the buffer layer ͑close to the p-side͒ thickness and the substrate morphology for p-i-n a-Si:H solar cells. In Fig. 2 , the effect of the absorber layer thickness is also shown in our n-i-p a-Si:H solar cell deposited on textured LP-CVD ZnO substrate even with our rather low process temperature ͑Ͻ200°C͒. The structure of the cell glass/LP-CVD ZnO/a-Si/LP-CVD ZnO was presented elsewhere. 27 Note that in our series, the solar cells do not have any buffer layer close to the p-side nor on the n-side. The degradation of the n-i-p a-Si:H is decreased from 27% to 10% when the absorber thickness is decreased from 400 to 140 nm and the optimum cell thickness is around 200 nm in the stable state. The cell with a 140 nm thick layer loses in V oc and this is mostly due to the appearance of shunts in the thin device, possibly growth-induced cracks on severely textured LP-CVD ZnO substrates. 28 Note that in our cells, the J sc and FF are the parameters that degrade the most significantly. In our case, the cells degrade mostly in J sc by 1 mA/ cm 2 and in FF by 10%.
B. Microcrystalline "c:Si:H… solar cells
For high efficiency multijunction devices, a maximum of light absorption is required in the infrared wavelengths. With fixed material properties, we work on two ways to increase the absorption in the solar cell. First, we implement light trapping technique by including a 2D periodic substrate as already presented elsewhere. 20 , 29 Second, we increase the thickness of the c-Si: H bottom cells. Here, we illustrate this effect with a thickness series of c-Si: H solar cells, as shown in Table I and Fig. 3 . The J sc increases from 22.9 to 25.1 mA/ cm 2 with increasing thickness of the absorber layer from 1 to 3 m. The V oc and FF are, here, only moderately reduced by the increase in the thickness to 2.5 m. In this series an efficiency of 8.8% on plastic substrates has been obtained. Note that with 3 m thick absorber layer, the J sc is only slightly increased compared to 2.5 m. In fact, a thickness of the cell over 2.5 m starts to cause deleterious carrier collection problems as also reported elsewhere 30 and shown by the reduced V oc and FF for the 3 m thick c-Si: H solar cell in Table I . We note this effect for solar cells deposited on hot silver as well. Nevertheless, this effect can be mitigated as reported by Sai and Kondo.
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C. Micromoph n-i-p tandem cells without IRs
Here, we present the results of micromoph tandem cells without an IR between the top and bottom cells, as shown in Fig. 1͑c͒ . The substrate is the hot silver deposited on glass. Then, the c-Si: H cell is deposited. The surface of the c-Si: H cell acts as textured "substrate" for the a-Si:H top cell. It was previously shown 29 that the growth of the c-Si: H absorber reduces the texture of the substrate which consequently reduces the possibility of light scattering in the top cell. The light-induced degradation of a micromorph tandem cell is mainly driven by the increase in defect density in the a-Si:H material. Indeed, there is an optimum between the reduction in the top cell thickness and the light-induced degradation of the tandem, which partly is driven by the decrease in J sc of the a-Si:H cell, as shown in Table II . It shows, as expected, that the thicker the a-Si:H absorber, the higher the degradation of the micromorph cells; it is almost 20% for thick ͑300-600 nm͒ a-Si:H absorber and only 13% for 160 nm thick a-Si:H absorber.
Our tandem solar cells degrade mostly in J sc and FF, similar to the single a-Si:H junction case. Note that FF can be strongly affected by the current density matching of the two subcells.
32,33 Therefore, we concentrate our study on the light-induced degradation of the J sc of the top cell. Figure 4 shows the initial and stabilized J sc versus the a-Si:H top cell 2 and optimistic V oc = 1.4 V and FF= 70%. Note that for a tandem micromorph cell, the optimum a-Si:H top cell thickness for J sc in the stable state is close to 400 nm. This thickness is thicker than our optimum thickness ͑200 nm͒ found for single junction solar cells prepared in Sec. III A and therefore, this also limits the potential FF of the tandem cell.
D. Micromorph tandems with IR
The mitigation of poor top cell current density is usually achieved by introducing an IR between the a-Si:H and the c-Si: H cells. First, we include a thin IR consisting of SOIR as described by Buehlmann. 6 Because of the reduced refractive index compared to silicon, the SiOx layer reflects part of the incoming light back into the top cell. However, the thin ͑100 nm͒ SiOx layer reproduces the surface texture of the bottom cell which is governed by the large feature size of the back reflector. This is clearly not an ideal situation for the amorphous cell because the back reflector texture has been designed for scattering of long wavelengths.
The J top gain can be strongly enhanced with an AIR, which reflects, but also scatters the light into the top cell. We realize this concept by an IR layer of LPCVD-ZnO, as shown in Fig. 1͑d͒ . With this AIR, we obtain an efficient light incoupling in the top cell between the AIR and the front contact. In fact, the roughness of the AIR is carried through the top cell thickness, resulting in light scattering at both the front and the back interface of the a-Si:H top cell. Thus, our AIR consisting of thick textured ZnO deposited by LP-CVD introduces light scattering in addition to reflection at the index contrast, which underlies the simple conformal IR. Figure 5 presents a SEM cross-section view of the structure of the device with AIR. The substrate consists of a PEN foil with the 2D grating and covered with a thin Ag/ZnO, which is used as a back contact and a back reflector. Then, 2.8 m of c-Si: H is deposited as a bottom cell, 1.5 m of LP-CVD ZnO as AIR, 180 nm of a-Si:H as a top cell, and finally 4 m of ZnO LP-CVD as a front contact. The structure is designed with the aim of having soft or U-shape morphology texture, which preserves the quality of the c-Si: H material and still has elevated scattering of the red light, between 800 and 1000 nm. This is the reason why the feature size is kept large ͑1.2 m͒ and the shape of the morphology is soft, i.e., no incised valleys. Then, the AIR serves as optimum AIR with sharp textured morphology and feature sizes of 300 nm, which scatter efficiently the blue-green light in the a-Si:H top cell.
The effects of the IRs are shown in Fig. 6 , where the EQE of three top a-Si:H cells of n-i-p micromorph tandem solar cells, without IR, with 100 nm thin SOIR IR with ͑n SOIR = 2 at 600 nm͒ and with AIR of 1.5 m of LP-CVD ͑n AIR = 1.8 at 600 nm͒, are compared. All a-Si:H top cells have equal absorber thicknesses of 200 nm. The J sc of the top cell increases with the introduction of the IR. In Fig. 6 , the thin IR increases the J sc by an absolute 0.7 mA/ cm 2 , whereas the AIR increases the J sc by 3 mA/ cm 2 . At 650 nm, the relative gain in the EQE is 60% for the thin IR and 220% for the AIR. We attribute the effect of the AIR mainly to its 5 . ͑Color online͒ SEM micrographs of a cross-section of a n-i-p micromorph with AIR deposited on plastic foils ͑PEN͒.
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texture; indeed, the c-Si: H layer even smoothes the initial substrate texture but the AIR establishes a roughness, which creates ideal light scattering for the top cell. Therefore, the light is both reflected and scattered by the AIR. This creates light trapping in the a-Si:H top cell, sandwiched between the top front contact and the IR.
E. Reflection losses due to the IRs
The IRs enhance the J sc of the top cell but part of the weakly absorbed light is also outcoupled from the solar cell due to reflection at the IR. Figure 7 shows the typical total reflection curves obtained with thin IR, with AIR and without IR. The reflection curve of the cell with a thin IR shows an interference that comes from the flat or almost flat interfaces after the c-Si: H deposition. For the AIR case, the interference disappears due to the light scattering. The roughness of the AIR decreases slightly the primary reflection ͑about 1%͒ between 400 and 600 nm, thanks to the higher roughness at the Si/TCO interface, which provides a refractive index gradient, slightly reducing the reflection at the front Si/TCO interface. From 830 to 950, the reflection is higher with the thin IR compared to the AIR. The interference effect of the thin IR can be tuned to be varied in wavelength, whereas with the AIR the effect is more constant. Figure 8 shows the EQE comparison of two micromorph cells, one with a 610 nm thick a-Si:H top cell and the second with a 200 nm thick a-Si:H top cell combined with an AIR. For both cells, the bottom cells have equal thicknesses. The J sc of the a-Si:H are equal ͑12.1 and 12.2 A / cm 2 ͒ even though the cell without AIR is three times thicker. Furthermore, for light wavelengths between 600 and 750 nm, the EQE of the cell with AIR is higher and thus the effective thickness is, in fact, higher than 3. The photogeneration distribution is different between the two structures. In fact, the cell without IR has higher EQE between 500 and 600 nm, whereas the EQE is higher from 600 to 750 nm for the cell with the AIR. The secondary reflection from the micromorph tandem cell with AIR increases between 550 and 900 nm for the cell. By integrating the differences in reflection, we estimated the potential losses around 0.4 mA/ cm 2 . This potential loss corresponds to the loss observed in the total current density but this reflection loss is also combined with additional losses such as absorption in nonphotoactive layers, e.g., in the AIR ͑1.5 m thick ZnO LP-CVD͒ due to defects and free carrier absorption, and absorption in the doped layers of the a-Si:H due to the multiplication light passes in the a-Si:H top cell. Nevertheless, these losses can be minimized by reducing the thickness of the doped layers and by using undoped ͑nonintentionally doped͒ LP-CVD ZnO. Indeed, in Fig. 9 , we compare the total J sc of a micromorph tandem cell with 1.5 m undoped LP-CVD ZnO between the a-Si:H and the 3 m c-Si: H cells with the J sc of a single junction c-Si: H cell with 3 m thick absorber layer. It shows that both totals J sc are equal to 25.1 mA/ cm 2 . The losses have not disappeared but the reflection losses are small ͑between 1% and 2% of the total J sc only͒ and the absorption losses in nonactive layers are minimized. 
F. Solar cell efficiency and degradation with AIR
The AIR increases the effective thickness of the a-Si:H layer, which is crucial for limiting the light-induced degradation of the micromorph tandem cell. In Table III , we compare the typical degradation for micromorph cells without IR and with AIR. The degradation is between 15% and 20% for a top cell of 300 nm without IR, whereas the degradation is limited to 0%-10% for the a-Si:H cell thickness below 200 nm and an AIR. The results shown in Table III 
IV. DISCUSSION
The single junction solar cells have initial efficiency close to 9% for both a-Si:H and c-Si: H solar cells. Our results show that going to the tandem micromorph structure improves the initial efficiency to more than 11%. Clearly, the increase in light absorption with the combination of two different band gaps and the implementation of the AIR is the key to this improvement.
So far, the best design for n-i-p solar cell is a triple junction device as used by Unisolar. 34 One advantage of the triple junction structure is the reduced degradation of the top cell since it can be made thinner than in a high efficiency tandem cell. The AIR concept is an alternative solution to combine thin amorphous cell, high efficiency tandem cells, and by using neither the triple junction devices nor germanium. The drawback of the micromorph concept with IR compared to the triple junction are reflection losses which, as shown in this work, can be reduced below 2% in relative, and it is in compensation for the reduced degradation of the micromorph tandem device. The best triple junction devices with Ge degrades by only 10%, 34 which is comparable to degradation obtained here for a n-i-p micromorph tandem cell, as shown in Table III .
In summary, we have fully implemented an AIR that selectively scatters the blue-green light into the top cell whereas the scattering of the red light into the bottom cell is achieved by the back reflector structure which is applied to the substrate. Such a structure can reach matched J sc over 12 mA/ cm 2 in the stabilized state, which is a necessary starting point for realizing 12% stable efficiencies in micromorph tandem cells on plastic substrates ͑assuming, e.g., a V oc of 1.4 V and a FF of 71%͒. Note that stable J sc of 12 mA/ cm 2 corresponds to state-of-the-art micromorph tandem cells reported by Unisolar 34 and Kaneka 35 ͑assuming four segments in Ref. 35͒ .
V. CONCLUSION
The combination of the high energy band gap ͑1.7 eV for a-Si:H͒ and low energy band gap ͑1.1 eV c-Si: H͒ in the micromoprh tandem cell is almost ideal. Nonetheless, many technical constraints have to be taken into account to achieve high conversion efficiency cells and this is especially true for n-i-p solar cells. In order to keep the light-induced degradation at a low level in the micromorph n-i-p/n-i-p tandem solar cell, the AIR concept is required because the deposition of the c-Si: H deposition flattens the initial large feature size textured surface of the substrate adapted for the light scattering of the bottom cell. Therefore, the AIR restores the ideal small feature size texture for the a-Si:H solar cell. It reflects the green light but also it scatters the light which creates an ideal coupling of the green light in the a-Si:H top cell. By including this tool in our device, we were able to fabricate a micromorph tandem cell with close to 10% stabilized efficiency on glass and plastic substrate.
